Autotransporters are a large class of virulence proteins produced by Gram-negative bacteria. They contain an N-terminal extracellular ("passenger") domain that folds into a β-helical structure and a C-terminal β-barrel ("β") domain that anchors the protein to the outer membrane. Because the periplasm lacks ATP, the source of energy that drives passenger domain secretion is unknown. The prevailing model postulates that vectorial folding of the β-helix in the extracellular space facilitates unidirectional secretion of the passenger domain. In this study we used a chimeric protein composed of the 675-residue receptor-binding domain (RD) of the Bordetella pertussis adenylate cyclase toxin CyaA fused to the C terminus of the Escherichia coli O157:H7 autotransporter EspP to test this hypothesis. The RD is a highly acidic, repetitive polypeptide that is intrinsically disordered in the absence of calcium. Surprisingly, we found that the RD moiety was efficiently secreted when it remained in an unfolded conformation. Furthermore, we found that neutralizing or reversing the charge of acidic amino acid clusters stalled translocation in the vicinity of the altered residues. These results challenge the vectorial folding model and, together with the finding that naturally occurring passenger domains are predominantly acidic, provide evidence that a net negative charge plays a significant role in driving the translocation reaction.
Autotransporters are a large class of virulence proteins produced by Gram-negative bacteria. They contain an N-terminal extracellular ("passenger") domain that folds into a β-helical structure and a C-terminal β-barrel ("β") domain that anchors the protein to the outer membrane. Because the periplasm lacks ATP, the source of energy that drives passenger domain secretion is unknown. The prevailing model postulates that vectorial folding of the β-helix in the extracellular space facilitates unidirectional secretion of the passenger domain. In this study we used a chimeric protein composed of the 675-residue receptor-binding domain (RD) of the Bordetella pertussis adenylate cyclase toxin CyaA fused to the C terminus of the Escherichia coli O157:H7 autotransporter EspP to test this hypothesis. The RD is a highly acidic, repetitive polypeptide that is intrinsically disordered in the absence of calcium. Surprisingly, we found that the RD moiety was efficiently secreted when it remained in an unfolded conformation. Furthermore, we found that neutralizing or reversing the charge of acidic amino acid clusters stalled translocation in the vicinity of the altered residues. These results challenge the vectorial folding model and, together with the finding that naturally occurring passenger domains are predominantly acidic, provide evidence that a net negative charge plays a significant role in driving the translocation reaction.
bacterial pathogenesis | membrane protein assembly | type Va secretion T he survival of bacterial pathogens in a host environment requires the transport of virulence factors to the cell surface and beyond. One of the most commonly used secretion pathways in Gram-negative pathogens is the autotransporter (type Va) pathway (1) . Autotransporters consist of a signal peptide, an N-terminal extracellular ("passenger") domain that typically mediates a virulence function, and a C-terminal β-barrel ("β") domain that resides in the outer membrane (OM). Passenger domains are highly divergent in sequence but generally adopt a characteristic β-helical structure (2) . The size of passenger domains is also variable, but they often exceed 100 kDa. β-domains are ∼30 kDa in size, and although they are also divergent in sequence, they fold into nearly superimposable 12-stranded β-barrel structures (3) (4) (5) . After autotransporters are translocated across the inner membrane (IM) via the Sec pathway they interact with chaperones that presumably keep them in an assembly-competent state in the periplasm (6) (7) (8) . Subsequently they interact with the Bam complex, an essential heterooligomer that catalyzes the insertion of β-barrel protein into the OM (7) (8) (9) (10) (11) (12) . Following their translocation across the OM, many passenger domains are released from the cell surface by one of several distinct proteolytic processing mechanisms (13) .
Although it has been established that passenger domain translocation proceeds in a C-to N-terminal direction (7, 14) , the mechanism of translocation has remained enigmatic. It was originally proposed that autotransporters contain all of the functional elements needed to mediate passenger domain secretion (15) . At first glance, this hypothesis seems to be supported by Xray crystallographic studies showing that the passenger and β-domains are linked by an α-helical segment that traverses the β-barrel pore (3) (4) (5) . The same studies, however, show that the β-domain pore is only ∼10 Å in diameter. Given that the directionality of translocation presumably requires the formation of a C-terminal hairpin followed by the progressive sliding of more Nterminal segments past a static strand, both strands of the hairpin would need to be in a fully extended conformation. Small folded polypeptides, however, have been shown to be secreted efficiently by the autotransporter pathway, and some naturally occurring passenger domains acquire at least limited tertiary structure in the periplasm (16, 17) . Furthermore, an α-helical segment likely resides inside the β-domain pore before the completion of translocation (18, 19) . Finally, a component of the Bam complex (BamA) has been shown to interact with the passenger domain during the translocation reaction (7) . Although the β-domain does appear to play a role in translocation (20, 21) , available evidence suggests that the Bam complex promotes the membrane insertion of the β-domain and the secretion of the passenger domain in a concerted reaction (7, 8) .
The energy source for passenger domain translocation has likewise remained unclear. Although protein translocation reactions generally require the input of external energy in the form of either ATP hydrolysis or a membrane potential, there is no ATP in the periplasm, electrochemical gradient across the OM, or obvious connection to the protonmotive force across the IM. To explain the energetics of autotransporter secretion it has been proposed that the progressive folding of small segments of the passenger domain in the extracellular space drives translocation forward while preventing retrograde movement into the periplasm (2, 22) . This vectorial folding model is supported by the finding that mutations that impair the folding of C-terminal segments of two different autotransporter passenger domains significantly reduce the efficiency of secretion (19, 23) . It should be noted, however, that an examination of the energetics of other types of protein translocation reactions has shown that moving proteins across membranes is often extremely costly. The equivalent of >10,000 ATP molecules is required to move
Significance
Bacterial autotransporter proteins contain a large segment that is transported from the periplasm (the space between the inner and outer membranes) to the extracellular milieu. Because the periplasm lacks ATP, the energy required for the transport reaction is thought to be derived from the folding of this segment following its secretion. Contrary to the prevailing view, we found that a heterologous polypeptide that cannot fold was secreted efficiently when it was fused to an autotransporter. Reducing the negative charge of this polypeptide, however, strongly impaired secretion. Our results identify net charge as a potentially important factor that drives autotransporter secretion. a protein from the chloroplast stroma into the thylakoid lumen (24) , and in the absence of a protonmotive force ∼5,000 ATP molecules are required to move a protein through the bacterial Sec machinery (25) . Even the transport of proteins across the chloroplast envelope, which is considerably less costly, requires ∼650 ATP molecules (26) . Given that even this lower value represents a ΔG = 30,000 kJ/mol whereas the ΔG associated with protein folding is typically in the ∼20-60 kJ/mol range (27) , it seems likely that the folding of the passenger domain does not fully account for the energetics of secretion.
In this study, we tested the vectorial folding hypothesis by examining the fate of a conditionally disordered chimeric passenger domain. We fused the receptor-binding domain (RD) of the Bordetella pertussis toxin CyaA to a C-terminal fragment of EspP, an Escherichia coli O157:H7 autotransporter whose passenger domain undergoes proteolytic processing. CyaA is an ∼177-kDa toxin that is normally secreted through a type I pathway (28) . The 675-residue RD consists of ∼40-45 glycine-and aspartate-rich repeat in toxin (RTX) motifs that are involved in calcium binding (29) . In the absence of calcium the CyaA RD does not fold into a well-defined 3D structure, but instead exists in a premolten globule ensemble of conformations (30) . Like other intrinsically disordered polypeptides it contains a high content of random coils and is highly hydrated (30) (31) (32) . Upon binding calcium, the CyaA RD folds into a stable β-roll structure that facilitates interaction with a cell surface receptor and the translocation of an N-terminal adenylate cyclase domain across the plasma membrane (32) (33) (34) (35) (36) . We found that the chimeric passenger domain was secreted efficiently even in the absence of calcium and thereby showed that translocation can proceed efficiently without passenger domain folding. Furthermore, sitedirected mutagenesis experiments together with an analysis of naturally occurring passenger domain sequences unmasked a potentially important role of protein charge in the translocation reaction. Finally, by examining the secretion of a truncated version of the chimeric passenger domain in the presence of calcium we confirmed that small folded polypeptides can be secreted via the autotransporter pathway.
Results
An Intrinsically Disordered Polypeptide Can Be Secreted Efficiently via the Autotransporter Pathway. In the absence of an obvious external energy source, it has been proposed that the free energy released upon the folding of the passenger domain in the extracellular space might provide a driving force for efficient translocation across the OM (2, 22) . To test this hypothesis, we fused the CyaA RD (residues 1,006-1,680) to EspPΔ1, a previously characterized derivative of EspP that contains the last 116 aa of the passenger domain and the β-domain (16) , to generate a chimera designated RD-EspPΔ1 (Fig. 1A) . Because the EspP passenger domain is released in an intrabarrel proteolytic reaction, the C-terminal ∼28 residues are embedded in the pore of the β-domain before cleavage (37, 38) . The CyaA RD moiety contains all of the RTX repeats and a flanking sequence that has been shown to be essential for calcium responsiveness (39, 40) , but not the C-terminal targeting peptide required for secretion through the type I pathway. The RD is organized into five blocks of about eight nonapeptide RTX motifs [the prototype of which is GGXG(N/D)DX(U)X, where U represents any large hydrophobic residue] separated by linkers of 23-49 residues (36). In the absence of calcium, the RD is intrinsically disordered due to the paucity of hydrophobic residues that can form a hydrophobic core and to strong electrostatic repulsions between the aspartate residues (30) . In the presence of low millimolar concentrations of calcium, however, the RD folds into a β-roll structure (Fig.  1B) (30, 32) . Because the passenger domain fragment of EspPΔ1 is too short to fold into a stable structure (19) , the chimeric RDEspPΔ1 passenger domain would be expected to remain disordered in the absence of calcium.
Initial studies showed that the RD-EspPΔ1 passenger domain is translocated across the OM efficiently. In these experiments AD202 were transformed with pWK1, a plasmid that encodes RD-EspPΔ1 under the control of the rhaB promoter. Cultures were grown in LB, and rhamnose was added to a portion of the cells to induce synthesis of the chimeric protein. Cells were isolated by centrifugation, and both the cell pellet and the culture medium were analyzed by Western blot. In the presence of In RD-EspPΔ1, the entire RD (CyaA residues 1,006-1,680) was fused to EspPΔ1, a derivative of EspP containing the last 116 residues of the passenger domain and the β-domain (16) . In ΔRD-EspPΔ1, the C-terminal 224 residues of the RD were fused to EspPΔ1. Both chimeras contained the 55-residue EspP signal peptide (SP). The pro form of the protein, which contains covalently linked passenger and β-domains, is observed before the secretion and proteolytic processing of the passenger domain. (B) The structure of the C-terminal seven RTX repeats of the RD in the presence of calcium was predicted using the Phyre server (62) . Calcium ions bridge adjacent loops of the β-roll structure by binding to the carboxyl groups of aspartates located at the sixth position of the GGxG(N/D)D motif. For clarity, only two calcium ions are shown.
the inducer, a high molecular weight protein that corresponds to proRD-EspPΔ1 (the form of the protein that contains covalently linked passenger and β-domains) and the free EspP β-domain were observed in cell extracts when blots were probed with an antiserum raised against a C-terminal EspP peptide ( Fig. 2A , lanes 1 and 2). Because cleavage of the passenger domain is contingent on the completion of translocation (7), the accumulation of the β-domain strongly suggested that the chimeric passenger domain was secreted. Consistent with this interpretation, both proRDEspPΔ1 and the cleaved RD-EspPΔ1 passenger domain were detected by a monoclonal antibody raised against a Cya RD peptide ( Fig. 2A, lane 3) . Whereas all of the proRD-EspPΔ1 was cell associated, about half of the passenger domain was found in the external milieu ( Fig. 2A, lane 4) . As previously observed (41, 42) , polypeptides containing the RD moiety ran noticeably slower than their calculated molecular weight. The ∼84-kDa RDEspPΔ1 passenger domain, for example, migrates at ∼105 kDa. The aberrant migration is presumably a consequence of the high net negative charge of the RTX repeats.
To examine the kinetics of secretion of the chimeric passenger domain, AD202 containing pWK1 were grown in M9 medium and subjected to pulse-chase labeling after the addition of rhamnose. Immunoprecipitations were then performed using the antiEspP C-terminal antiserum. Within 1 min about half of the proRD-EspPΔ1 was cleaved, and by 5 min essentially all of the protein was processed (Fig. 2B, lanes 1-5) . Remarkably, the data imply that the chimeric passenger domain is secreted and released from the cell surface nearly as efficiently as the native EspP passenger domain (for comparison, see ref. 7) , at least when cells are grown in minimal medium. Because the concentration of calcium in M9 medium (100 μM) is below the threshold at which native RD fragments acquire appreciable tertiary structure (500 μM) (30), it is likely that the RD-EspP passenger domain remained intrinsically disordered during the translocation reaction. To confirm that the secretion of the chimeric passenger domain does not require stable folding, we added 5 mM EGTA to half of the cells in the experiment described above. The data show that the kinetics and efficiency of translocation were unaffected by the complete absence of free calcium ions [ Fig. 2 B (lanes 5-10) and C].
We next sought to rule out the possibility that in the context of the EspP fusion the CyaA RD folds in the extracellular space in Fig. 2 . The RD-EspPΔ1 passenger domain is secreted efficiently as an unfolded polypeptide. (A) AD202 transformed with a plasmid encoding RD-EspPΔ1 (pWK1) were grown in LB, and synthesis of the fusion protein was induced by the addition of rhamnose. The cells were pelleted, and both the cell pellet and the culture medium were analyzed by Western blot using an antiserum generated against a C-terminal EspP peptide (lanes 1 and 2) and a monoclonal antibody generated against the RD domain (lanes 3 and 4). (B) AD202 transformed with pWK1 were grown in M9 medium and subjected to pulse-chase labeling after the addition of rhamnose. EGTA was added to one portion of the culture before radiolabeling. Immunoprecipitations were performed using the anti-EspP C-terminal antiserum. (C) The fraction of the passenger domain molecules that were cleaved at each time point in B is shown. (D) AD202 transformed with pWK1 were grown in LB, and synthesis of the fusion protein was induced by the addition of rhamnose. The culture medium was then divided into two portions, one of which was incubated with calcium (2 mM). One-half of each sample was then treated with PK, and Western blotting was performed using the anti-RD antibody.
a calcium-independent fashion. To this end we grew cells in LB, induced synthesis of the fusion protein, and collected the culture medium containing the cleaved passenger domain. Calcium (2 mM) was added to half of the medium. Both calcium-containing and control samples were then divided in half, and one half was treated with proteinase K (PK). In the absence of calcium, the secreted passenger domain was completely degraded by PK (Fig.  2D, lanes 1 and 2) . In the presence of calcium, however, a large fraction of the secreted protein yielded ∼45-to 50-kDa proteaseresistant fragments (Fig. 2D, lanes 3 and 4) . These results confirmed that the RD moiety of the fusion protein is disordered in the absence of calcium but retains the ability to fold in the presence of calcium. Furthermore, we found that deleting the entire EspP passenger domain (except small segments that are embedded inside the β-domain before cleavage and that are required for efficient proteolytic processing) had no effect on the secretion of the RD (Fig. S1 ). This observation shows that the EspP passenger domain component in the RD-EspPΔ1 chimera does not fortuitously facilitate the secretion of the disordered RD polypeptide.
An examination of the effect of adding 2 mM calcium to cultures immediately before cells were subjected to pulse-chase labeling yielded further insight into the folding properties of the RD-EspPΔ1 passenger domain. In these experiments half of the radiolabeled cells were treated with PK to assess the exposure of the passenger domain on the cell surface. Nearly all of the proRD-EspPΔ1 was accessible to PK by 5 min (Fig. 3A, lanes 1-10) . The disappearance of the pro form of the protein in the PKtreated samples correlated with the concomitant accumulation of an ∼33-kDa C-terminal fragment that has been observed previously (16) . The ∼33-kDa fragment contains the EspP β-domain plus the small passenger domain segment that is embedded inside the β-domain before cleavage, and it is generated by PK digestion only after the passenger domain emerges in the extracellular space. These results indicate that the presence of calcium did not impair the initiation of passenger domain translocation. In contrast, calcium strongly inhibited the proteolytic processing of proRD-EspPΔ1 into discrete passenger and β-domain fragments (Fig. 3A, lanes 1-5 and 11-15 ). Because calcium has no effect on the cleavage reaction per se (Fig. S2) , the cation presumably blocked the completion of translocation by promoting the intracellular folding of the RD moiety into a structure that, like other large folded structures, cannot be secreted efficiently by the autotransporter pathway (17, 43) . Consistent with this interpretation, PK treatment led to the accumulation of an ∼100-kDa N-terminal fragment that likely corresponds to RD molecules that were trapped inside the periplasm and therefore resistant to protease digestion (Fig. 3A, lanes 16-20) . The observation that the ∼100-kDa fragment was degraded by PK when cells were first permeabilized by sonication (Fig. S3) confirmed that it was located in the periplasm. These results provide additional evidence that the RD folds in a strictly calcium-dependent fashion in the context of the fusion protein and therefore remains in a predominantly unfolded state when it is secreted in the absence of calcium.
Finally, it is noteworthy that the secretion of a truncated CyaA-EspP chimera that contains only block V and a portion of block IV of the RD (ΔRD-EspPΔ1, Fig. 1A ) was much less severely affected by the addition of calcium. Like the full-length RD, C-terminal RD fragments have been reported to fold in response to calcium (30) . In the absence of calcium, ΔRD-EspPΔ1 was secreted and processed at about the same rate as RD-EspPΔ1 (Fig. 3B, lanes 1-5) . In the presence of calcium the chimera was completely processed, but at a markedly slower rate (Fig. 3B, lanes 6-10) . Presumably the delay resulted from the folding of the truncated RD into a short β-roll structure that pushes the size limit of polypeptides that can be secreted via the autotransporter pathway. Indeed another small folded polypeptide, the cholera toxin B subunit (CtxB), is also secreted by the autotransporter pathway somewhat slowly (16) . The ΔRD-EspPΔ1 passenger domain appeared to be secreted even more slowly than that of a CtxB-EspPΔ1 fusion, but the ΔRD moiety is predicted to fold into a slightly larger structure than CtxB (Fig.  S4) . As a corollary, these results strongly suggest that each block of the RD folds independently in the context of the chimera as it does in the context of the native RD.
The Charge of the RD Influences Its Translocation Across the OM.
Given that stable folding of the RD does not appear to drive its translocation, we hypothesized that the amino acid composition of the nonapeptide RTX repeats might contribute to its efficient secretion. To test this idea we devised a series of experiments that were based on the finding that each block of the RD is an independent module. Because passenger domains are secreted in a C-to N-terminal direction, we reasoned that the introduction of mutations that compromise the secretion of a specific block would also impair the secretion of blocks that reside closer to the N terminus of RD-EspPΔ1, but not those that reside closer to the C terminus. Furthermore, because of the repetitive nature of the RD, we reasoned that multiple mutations might be needed to alter the character of any given block and to thereby impede its translocation across the OM. AD202 transformed with pWK1 were subjected to pulse-chase labeling following the addition of rhamnose. Calcium (2 mM) was added 2 min before radiolabeling. Half of the cells were treated with PK and immunoprecipitations were performed using the anti-EspP C-terminal antiserum (lanes 1-10) and RD antibody (lanes [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . (B) AD202 transformed with a plasmid encoding ΔRD-EspPΔ1 (pWK2) were subjected to pulse-chase labeling following the addition of rhamnose. Calcium (2 mM) was added to one-half of the culture 2 min before radiolabeling. Immunoprecipitations were performed using the anti-EspP C-terminal antiserum.
Consistent Table S1 ). AD202 transformed with a plasmid encoding the mutant protein were subjected to pulse-chase labeling, and half of each sample was treated with PK. Immunoprecipitations were then conducted using the anti-EspP C-terminal antiserum. The exposure of the passenger domain on the cell surface was assessed by monitoring the accessibility of the pro form of the protein to PK, and passenger domain processing was assessed by monitoring the accumulation of the free β-domain. Whereas the charge neutralization mutations only slightly impaired the cell surface exposure of the chimeric passenger domain, they exerted a considerably stronger effect on proteolytic processing (Fig. 4 B,  E, and F) . Because the mutations were located far away from the cleavage site, they most likely inhibited passenger domain cleavage indirectly by preventing the completion of translocation. If passenger domain translocation stalled in block III, as we expected, then a specific N-terminal fragment should have been retained inside the cell. We were unable to confirm this prediction, however, because the monoclonal anti-RD antibody that we used (which recognizes an unspecified epitope near the middle of the RD) did not recognize the mutant protein.
Experiments in which we analyzed the biogenesis of RDEspPΔ1 derivatives that have a smaller number of mutations in block III provided clearer evidence that passenger domain translocation stalls near the site of the charge alteration. We changed 5 aspartate residues near the C terminus of block III to asparagine or arginine to create RD(III-DN5)-EspPΔ1 and RD(III-DR5)-EspPΔ1, respectively, and 11 aspartate residues in the middle of block III to asparagine or arginine to create RD(III-DN11)-EspPΔ1 and RD(III-DR11)-EspPΔ1, respectively (Table S1 ). These mutations did not eliminate the epitope recognized by the anti-RD antibody. Although the charge neutralization mutants did not significantly affect protein biogenesis (Fig. S5A, lanes 1-10) , immunoprecipitations using the anti-EspP C-terminal antibody showed that the two charge reversal mutants led to strong passenger domain cleavage defects (Fig. 4 C, E, and F) . Immunoprecipitations using the anti-CyaA antibody also showed a reduced accumulation of the cleaved RD-EspPΔ1 passenger domain (Fig.  4D, lanes 11-15 and 21-25) . Interestingly, N-terminal PK fragments that migrated at ∼55 kDa and ∼46 kDa were observed in cells that produced RD(III-DR5)-EspPΔ1 (Fig. 4D, lanes 18-20) . Likewise, a major PK fragment that migrated at ∼43 kDa was observed in cells that produced RD(III-DR11)-EspPΔ1 (Fig.  4D, lanes 28-30) . All of these fragments were degraded by PK when cells were first permeabilized by sonication (Fig. S6A) . Given the marked tendency of the acidic RD to migrate slowly in SDS/PAGE, these molecular weight estimates are consistent with the retention of ∼357-and ∼328-residue N-terminal fragments inside the periplasm that would result from the stalling of translocation at the extreme C terminus of the mutated region. The detection of these fragments confirmed that the mutations inhibit the completion of passenger domain translocation rather than the cleavage reaction per se. Although we cannot exclude the possibility that the arginine residues in RD(III-DR5)-EspPΔ1 and RD(III-DR11)-EspPΔ1 form salt bridges that fortuitously stabilize secretion-incompetent folded structures, a variety of theoretical considerations (e.g., geometric constraints, the inherent weakness of salt bridges) suggest that this scenario is very unlikely. Indeed it is far more likely that the reduction in the net negative charge impedes translocation by another mechanism (Discussion).
To determine whether the large hydrophobic residues that are conserved in the RTX motif are also required for efficient translocation of the chimeric passenger domain, we mutated all 17 phenylalanine, leucine, isoleucine, and tyrosine residues in block III to alanine to generate RD(III-HYDA17) (Table S1 ). Pulsechase analysis revealed that the mutation had no effect on protein biogenesis (Fig. S5B) . These results provide evidence that charge mutations exert a specific effect on the fate of the passenger domain. Furthermore, the results show that the formation of a hydrophobic core, which often plays a key role in protein folding, is not required for the efficient secretion of the chimeric passenger domain.
Finally, we sought to determine whether the effect of altering the net charge of block III on passenger domain translocation could be generalized to other parts of the RD. To this end we mutated 12 aspartate residues in block V to asparagine and arginine to generate RD(V-DN12)-EspPΔ1 and RD(V-DR12)-EspPΔ1, respectively. AD202 transformed with the mutant plasmids were subjected to pulse-chase analysis and PK treatment as described above. Neutralization of the aspartate residues only marginally affected the kinetics of passenger domain translocation and cleavage (Fig. S5A, lanes 11-15) . Conversion of the aspartates to arginine only modestly impaired the exposure of the passenger domain, but led to a profound decline in passenger domain cleavage (Fig. 5 B, D, and E) . Consistent with the prediction that the cleavage defect was an indirect effect of a translocation block, we observed the accumulation of a prominent ∼80-kDa PK fragment that was immunoprecipitated with the anti-RD antibody (Fig. 5C ). Given the aberrant mobility of the RD on SDS/PAGE, this fragment likely contains most or all of the 616-aa segment that would be trapped in the periplasm if translocation stalls at the C terminus of the mutated region. The finding that the ∼80-kDa fragment was completely degraded by PK when the OM was first permeabilized by sonication or lysozyme/EDTA treatment confirmed that it was located in the periplasm and did not correspond to a folded form of the RD that was secreted (Fig. S6B) . Furthermore, it is important to note that the block V charge reversal mutation caused a much stronger translocation defect than the stabilization of the native folded conformation of block V through the addition of calcium (Fig.  3B) . Thus, it is unlikely that the mutation impeded secretion by fortuitously promoting the folding of the C terminus of the RD into a compact, translocation-incompetent conformation.
Naturally Occurring Passenger Domains Are Predominantly Acidic.
The link between the high negative charge of the RD and its efficient secretion via the autotransporter pathway prompted us to examine the net charge of naturally occurring passenger domains. In our analysis we determined the isoelectric point (pI) and net charge (at pH 7) of both passenger and β-domains of 111 autotransporters that were randomly selected from a list of over 1,500 putative autotransporters identified in diverse organisms in a recent bioinformatic study (44) . We found that the passenger domains tend to have a pI below 6 and an unusually high negative charge (Fig. 6 and Table S2 ). In contrast, the pI range of the corresponding β-domains is very broad. The same pattern emerged when we analyzed the pI and net charge of a nonoverlapping set of 47 autotransporters that have been characterized experimentally (Fig. S7) (44) . These results suggest that charge may be a significant factor in driving passenger domain secretion.
In light of the bioinformatic data, an examination of the effect of mutating a set of 15 acidic amino acids located near the C terminus of the EspP passenger domain (between residues 899 and 986; Table S1) to either asparagine or arginine yielded intriguing results. Although the mutations only moderately impaired the exposure of the passenger domain on the cell surface, they strongly impaired the completion of the translocation reaction ( Fig. S8 A-D) . Like the F963A point mutation that has been characterized previously (19) , the charge mutations impaired the folding of a C-terminal ∼17-kDa segment of the passenger domain. Because the folding of this segment is a ratelimiting step that drives the secretion of the remainder of the polypeptide, folding defects cause translocation to stall. Interestingly, whereas the F963A mutation caused translocation to stall after the entire ∼17-kDa fragment was exposed and led to the retention of an ∼90-kDa fragment in the periplasm (Fig. S8 B,  lanes 27-30, and F, lanes 19-27) (19) , the charge neutralization mutant appeared to cause translocation to stall sooner and led to the retention of slightly larger ∼92-to 94-kDa fragments (Fig. S8  B, lanes 7-10, and F, lanes 1-9) . The charge reversal mutant blocked passenger domain translocation at an even earlier stage and led to the retention of an ∼103-kDa fragment [ Fig. S8 B   (lanes 17-20) , E, and F (lanes 10-18) ]. By strongly suggesting that that the mutations cause translocation to stall prematurely, these results provide evidence that the charge of a naturally occurring passenger domain can influence its movement across the OM. 
Discussion
Because the periplasm lacks ATP, it was proposed many years ago that the secretion of polypeptides via the autotransporter pathway is driven by their folding into a native structure in the extracellular space. By examining the fate of RD-EspPΔ1, a chimera that was constructed by replacing most of the EspP passenger domain with a large polypeptide whose folding can be controlled experimentally, we obtained evidence that strongly challenges this hypothesis. We found that when the RD was in an intrinsically disordered conformation, it was secreted with essentially the same efficiency as the native EspP passenger domain. Although we cannot exclude the possibility that the formation of residual secondary structure (32) or some other structural elements in the absence of calcium promotes RD secretion, the data clearly show that the formation of a stable, native structure is not required for translocation. In a sense our results are surprising because there is strong evidence that the stable folding of the Cterminal segment of at least some native passenger domains is required for efficient secretion of the remainder of the polypeptide (19, 23) . Furthermore, the repetitive β-helical structure of passenger domains suggests that they evolved to fold in a stepwise fashion. Nevertheless, the finding that the energy required to move proteins across biological membranes is much greater than the Gibbs free energy typically associated with protein folding seems at odds with the vectorial folding model. In addition, we recently found that the folding of medial and N-terminal segments of the EspP passenger domain plays a much smaller role in driving the secretion reaction to completion than the folding of the C terminus. Taken together, the available evidence strongly suggests that although the folding of specific segments may be required for the efficient secretion of native passenger domains, a large fraction of the energy required to transport both native and nonnative polypeptides across the OM via the autotransporter pathway is derived from sources other than protein folding.
Although we found that the folding of the RD-EspPΔ1 passenger domain does not drive its secretion, we obtained evidence that negative charge contributes to passenger domain secretion efficiency. We found that neutralizing all 23 of the acidic residues in RD block III or reversing the charge of a much smaller number of closely spaced aspartate residues in block III or block V inhibited protein translocation. The size of N-terminal fragments that were trapped in the periplasm strongly suggests that the translocation reaction proceeded normally until the altered segment reached the translocation channel. It is conceivable that the charge reversal mutations created salt bridges that stabilized the structure of RD-EspPΔ1 passenger domain segments and thereby trapped them in the periplasm, but this scenario is very unlikely. Salt bridges are generally an order of magnitude weaker than disulfide bonds (which are weaker than other covalent bonds), and long-range salt bridges are very weak (45) . Geometry is also a critical factor in determining salt bridge stability (46) . Given the close spacing of the mutations we introduced, it is difficult to imagine how more than a few geometrically favorable salt bridges could be formed. Indeed in the case of RD (III-DR5)-EspPΔ1, which contains only five additional arginine residues but exhibits a strong translocation defect, no more than one or two favorably positioned salt bridges would be expected. Furthermore, consistent with the idea that negative charge facilitates passenger domain translocation, an in silico analysis revealed that native passenger domains (but not β-domains) tend to be highly acidic. A large number of acidic residues are typically distributed throughout these repetitive polypeptide segments, as they are in the CyaA RD. Interestingly, the mutation of multiple acidic residues located in at least one region of the native EspP passenger domain appeared to impede its transport across the OM.
How might the negative charge of a polypeptide promote its secretion via the autotransporter pathway? It seems unlikely that acidic residues promote electrostatic interactions with residues situated in the β-domain pore because the net charge of the pore varies widely (3, 4) , as our bioinformatic analysis might suggest. It is much more likely that passenger domain translocation is influenced by electrostatic interactions with either membrane proteins or lipids. One possibility is that charge repulsion between negatively charged passenger domains and LPS molecules promotes the movement of passenger domains away from the cell surface. Indeed changes in LPS structure have been shown to affect the biogenesis of Shigella flexneri and Haemophilus influenzae autotransporters (47, 48) . Alternatively, the same factors that contribute to the marked tendency of positively charged regions of IM proteins to be retained on the cytoplasmic side of the membrane (the so-called "positive-inside" rule) (49) might favor a predominance of acidic residues in passenger domains. Although the physical basis for the positive-inside rule is not understood, it has been proposed that electrostatic effects arising from the net negative charge of phospholipid head groups might cause a pK shift that would selectively neutralize acidic residues and favor their translocation across the membrane (50) .
Electrostatic interactions mediated by acidic residues may not completely account for the efficient translocation of either the RD-EspPΔ1 polypeptide or native passenger domains across the OM. Indeed as mentioned above, some passenger domains are not especially acidic, and a few are basic. If the insertion of β-domains into the OM is coupled to their folding, then it is conceivable that at least some of the energy for translocation is derived from the formation of a large number of hydrogen bonds during the folding process. It is unclear, however, whether the later stages of translocation, which may occur long after the β-domain is largely folded, could be driven by β-domain assembly. Conformational changes in the translocation machinery or conformational constraints imposed on the passenger domain might also play a role in promoting translocation. The pore of FimD was recently shown to facilitate the translocation of type I pilus subunits across the OM by imposing rotational and translational constraints that guide them along a low-energy pathway (51) . Finally, it is formally possible that energy for passenger domain translocation is transduced from the cytoplasm by an IM protein that spans the periplasmic space. In this regard it was recently reported that a large IM protein called TamB promotes autotransporter assembly through an interaction with an OM protein called TamA (52) . TamA is not required for the biogenesis of an E. coli autotranspoter called Hbp (9) , however, and we have found that the disruption of either tamA or tamB has no effect on the secretion of the EspP passenger domain. 6 . Autotransporter passenger domains are typically highly acidic. A plot of the net charge (at pH 7) and isoelectric point of the passenger and β-domains of 111 predicted autotransporters produced by a broad spectrum of different organisms (44) is shown.
Finally, although the nature of the passenger domain translocation channel remains poorly understood, the results of our experiments on the ΔRD-EspPΔ1 fusion protein corroborate the conclusion that at least some small folded polypeptides can be secreted efficiently via the autotransporter pathway. The architecture of the ΔRD fragment is very different from that of CtxB, which is also secreted as a folded polypeptide when it is fused to EspPΔ1 (17) . Whereas ΔRD forms a β-roll stabilized by calcium ions, CtxB forms a mixed α/β-structure stabilized by a disulfide bond. The finding that a folded polypeptide that has a distinct tertiary structure from CtxB is secreted helps to rule out the possibility that its translocation via the autotransporter pathway is an aberration. Nevertheless, there is evidence that some small folded polypeptides, including polypeptides that are smaller than CtxB and ΔRD, are not secreted when they are fused to other autotransporters (17, 53, 54) . Indeed it appears that the secretion of folded polypeptides via the autotransporter pathway is highly dependent on the experimental system, and at this point it would be difficult to make generalizations. In any case, the slow biogenesis of CtxB-EspPΔ1 and ΔRD-EspPΔ1 suggests that the secretion of the folded moieties is limited by the size of the translocation pore or its ability to undergo a specific conformational change. Given that the translocation of folded polypeptides likely requires a greater input of energy than the translocation of unfolded polypeptides (24) , the secretion of the ΔRD moiety strongly suggests that considerable energy can be harnessed to drive secretion via the autotransporter pathway. As a corollary, the finding that a polypeptide that folds in the periplasm can be secreted efficiently provides further evidence that folding in the extracellular space is not essential for translocation.
Materials and Methods
Bacterial Strains, Reagents, and Growth Conditions. The E. coli strain AD202 (MC4100 ompT::kan) (55) was used in all experiments. Cultures were grown at 37°C in LB broth or M9 medium containing 0.2% glycerol and all of the Lamino acids except methionine and cysteine (40 μg/mL). Trimethoprim (50 μg/mL) was used to maintain plasmids. An anti-EspP C-terminal peptide antiserum was described previously (56) . A purified monoclonal antibody (9D4) that recognizes a CyaA RD epitope situated between residues 1,156 and 1,489 was obtained from Santa Cruz Biotechnology.
Plasmid Construction. Plasmid pJH63, which encodes EspPΔ1 (a 116-aa Cterminal fragment of the passenger domain plus the β-domain) has been described (56) . To construct plasmid pWK1, which encodes the RD-EspPΔ1 chimera, the cyaA segment that encodes the RD (amino acids 1,006-1,680) was first amplified by PCR, using oligonucleotides 164 (5′-GATATAGAATTC-ACGCTCGAGCATGTGCAGCACATCATC-3′) and 198 (5′-CTATATGGATCCGTCC-GGATACTGCGCCATTGCCTCGACCAGC-3′) and genomic DNA from B. pertussis strain Tahoma I as a template. The PCR fragment was then digested with EcoRI and BamHI and cloned into the cognate sites of pTRC99a (57) . The EspP signal peptide was amplified using primers 162 (5′-GATATACCATGGATGA-ATAAAATATACTCTCTTAAATACAGCC-3′) and 199 (5′-CTATATGAATTCCGC-AAAAGAATATGAGGATTGTAATAAGCC-3′) and pJH63 as a template and fused to the RD by cloning it into the NcoI and EcoRI sites of pTRC99a. Next, the mature region of EspPΔ1 was amplified using primers 166 (5′-GATA-TAAAGCTTTATGCGATGCGTACAAACCTTTCTGAATCAG-3′) and 167 (5′-CTTT-CAGGATCCTCAGAACGAGTAACGGAAATTAGCGTTGAC-3′) and pJH63 as a template and cloned into the BamHI and HindIII sites of pSCrhaB2 (58) to create plasmid pWK101. An NcoI-BamHI fragment encoding the EspP signal peptide and the RD was then moved from pTRC99a into pWK101 to create pWK102. Subsequently the EspP signal peptide was reamplified by PCR, using oligonucleotides 237 (5′-GATATACCATGGCATATGAATAAAATATACT-CTCTTAAATACAGCC-3′) and 238 (5′-CTATATGAATTCTCTAGACGCAAAAG-AATATGAGGATTGTAATAAGCC-3′), and cloned into the NcoI and EcoRI sites of pWK102. The resulting plasmid (pWK103) was digested with NdeI and religated to remove the NcoI site. To make the final plasmid, three methionine residues were inserted at the N terminus of the RD moiety, using oligonucleotide 264 (5′-GATATATCTAGAGATCAGGAAATGGAGATGATGACGCTCG-AGCATGTGCAGCACATCATC-3′) and its complement. Plasmid pWK2, which encodes the ΔRD-EspPΔ1 chimera, was constructed in an analogous fashion. PCR fragments encoding CyaA residues 1,457-1,680 and the EspP signal peptide were generated using primer pairs 198 and 256 (5′-GATATATCTA-GAGGCGAAGCCGGTGACGACTGGTTCTTCCAGGATGCCGCC-3′) and 162 and 238 (5′-CTATATGAATTCTCTAGACGCAAAAGAATATGAGGATTGTAATAAGCC-3′) and cloned into the XbaI/BamHI and NcoI/Xba sites of pTRC99a, respectively. The final plasmid was constructed by transferring an NcoI-BamHI fragment from pTRC99a into pWK101. To make the charge neutralization mutants RD(III-DENQ23)-EspPΔ1, RD(III-DN5)-EspPΔ1, RD(III-DN11)-EspPΔ1, and RD (V-DN12)-EspPΔ1 (plasmids pWK4, pWK5, pWK6, and pWK9); the charge reversal mutants RD(III-DR5)-EspPΔ1, RD(III-DR11)-EspPΔ1, and RD(V-DR12)-EspPΔ1 (plasmids pWK7, pWK8, and pWK10); and the multiple alanine substitution mutant RD(III-HYDA17)-EspPΔ1 (plasmid pWK3), DNA fragments containing the desired mutations were synthesized by Genescript or Genewiz (Table S1 ) and cloned into a plasmid. The fragments were then excised with appropriate restriction enzymes and used to replace the equivalent fragment in pWK1.
Pulse-Chase Labeling and Kinetic Analysis of Protein Secretion. AD202 transformed with an appropriate plasmid were grown overnight in M9 medium, washed, and diluted into fresh medium at OD 550 = 0.02. When the cultures reached OD 550 = 0.2, the expression of plasmid-borne genes was induced for 30 min by the addition of 0.2% (wt/vol) L(+) rhamnose. In some experiments, 2 mM CaCl 2 or 5 mM EGTA was added immediately before pulse-chase labeling. Cells were pulse labeled for 30 s with 30 μCi/mL Trans 35 S-label (MP Biomedical), and a chase was conducted by adding methionine and cysteine (1 mM). Aliquots of radiolabeled cultures were pipetted into tubes containing an equal volume of preformed ice at each time point. Spheroplast suspensions were prepared as previously described (59) . In experiments that involved sonication, radiolabeled cells were collected by centrifugation (3,000 × g, 10 min, 4°C), washed, resuspended in M9 medium at three-quarters the original concentration, and disrupted using a Misonix 3000 sonicator (microtip level 4) after intact cells were removed to perform controls. Where applicable, half of each sample (intact or sonicated cells or spheroplast suspensions) was treated with 200 μg/mL PK for 20 min on ice. PK digestion was stopped by the addition of 2 mM PMSF. Proteins in all samples were precipitated by the addition of 10% (wt/vol) TCA, and immunoprecipitations were conducted as previously described (59) . Immunoprecipitated proteins were then resolved by SDS/PAGE on 8-16% minigels (Invitrogen). Radioactive proteins were visualized using a Fujifilm FLA-9000 phosphorimager. For quantitative analysis, cell surface exposure was defined as 1 − [proEspP (+PK)/(proEspP (−PK) + β-domain (−PK))] and passenger domain cleavage was defined as [β-domain (−PK)/[β-domain (−PK) + proEspP (−PK)] (7). The signal in each band was normalized to account for differences in the number of radioactive amino acids. Curves were fitted using Origin Pro software v. 8.5 (Origin Lab).
Steady-State Analysis of RD-EspP Fusion Protein Secretion. Cells were grown in LB to OD 550 ∼ 0.4, and fusion protein expression was induced for 30 min by the addition of rhamnose (0.2% wt/vol). Portions of the cultures were then chilled. In some experiments, cells were separated from the culture medium by centrifugation (3,000 × g, 10 min, 4°C) and both the cell pellet and the supernatant were analyzed independently. In experiments in which only the secreted passenger domain was analyzed, cell pellets were discarded. One aliquot of the supernatant was incubated with 2 mM CaCl 2 for 15 min at 37°C, and an equal aliquot was kept on ice. Half of each aliquot was then treated with PK at 0°C as described above. In all experiments proteins were TCA precipitated and resolved by SDS/PAGE. Western blotting was then performed using horseradish peroxidase-linked protein A (GE Healthcare) with the SuperSignal Pico Chemiluminescence kit (Thermo Scientific).
Bioinformatic Analysis. To study the electrostatic properties of autotransporters, we first predicted the signal peptide-passenger domain and passenger domain-β-domain boundaries. Signal peptides were predicted using the SignalP 4.1 server (www.cbs.dtu.dk/services/SignalP) (60) . Passenger-β-domain borders were determined via secondary structure predictions, using DomPred (http://bioinf.cs.ucl.ac.uk/psipred) (61) with the default settings as described previously (44) . The pI and net charge (at pH 7) of each domain were then calculated using Editseq (Lasergene v.10; DNASTAR).
